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(Received 8 July 2005; published 3 November 2005)0031-9007=We analyzed the complex dielectric and Raman spectra of hydrogen-bond liquids in the microwave to
terahertz frequency range. As for water and methanol, the high-frequency component of the dielectric
spectrum, i.e., the small deviation from the principal Debye relaxation, clearly corresponds to the Raman
spectrum. This indicates that the cooperative relaxation, accompanied by huge polarization fluctuation, is
virtually not Raman active, whereas the faster processes reflect common microscopic dynamics. For
ethylene glycol, the shape of the Raman spectrum also resembles that of the high-frequency deviation of
the dielectric spectrum, but, additionally, a weak manifestation of the cooperative relaxation arising from
quadrupolar conformers is detected.
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FIG. 1 (color online). (a) Dielectric loss 00 and (b) Raman
susceptibility 00 (~) spectra of hydrogen-bond and dipolar
aprotic liquids at 25 C. For the nonhydrogen-bonding liquids,
the arrows on the dielectric spectra indicate their loss peak
frequencies, diel; those on the Raman spectra show 3diel.Introduction.—It is well established that Raman scatter-
ing and infrared spectroscopy, which observe microscopic
molecular dynamics, respectively, through the change of
polarizability and total dipole moment, yield basically
complementary information on intra- and intermolecular
vibrations. We found that, in the case of dipolar aprotic
liquids such as acetonitrile, acetone, and tetrahydrofuran
(THF), the relaxation mode of the Raman susceptibility is
well explained if the loss peak frequency in the dielectric
spectrum is shifted by a factor of 3 toward higher frequen-
cies. The oscillator components seen in the terahertz (THz)
frequency range of both spectra appear at the same posi-
tions; see Fig. 1. This demonstrates that, for these
nonhydrogen-bond liquids, both dynamic susceptibilities
reflect the common molecular dynamics of rotational dif-
fusion and the subsequent librational motions [1]. If the
Raman spectra are plotted with proper relative intensities,
the sequence of the intensities is in the order of the static
dielectric constants; see Fig. 1(b). On the other hand,
hydrogen-bond liquids, such as water and monohydric
alcohols, exhibit pronounced complex dielectric and
Raman spectra which differ considerably in shape in the
microwave to sub-THz frequency range. The Raman in-
tensities are far weaker than expected from the spectra of
nonhydrogen-bonding dipolar liquids of similar dielectric
constants. This suggests that Raman and dielectric dy-
namic susceptibilities now reflect different kinds of mo-
lecular dynamics.
A limited number of attempts were made to compare the
first l  1 and second l  2 rank relaxation times, l,
of water [2–5]. The authors discussed a possible corre-
spondence between 1 obtained from THz-time domain
spectroscopy (THz-TDS) and 2 data from NMR and
optical-heterodyne detected, Raman-induced Kerr effect
spectroscopy [2,4,5]. Nevertheless, the general relation05=95(19)=197802(4)$23.00 19780between the first- and the second-rank dynamic suscepti-
bilities of hydrogen-bond liquids remained unclear. The
goal of this study is to work out a general rule that can
consistently explain the interplay between the dielectric2-1 © 2005 The American Physical Society
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FIG. 2 (color online). (a) The complex dielectric spectrum of
water in 50 MHz    18 THz at 25 C. The blue symbols
() represent the residual dielectric loss after subtracting the
contribution of the 1 process. (b) Raman spectrum of water in
0:08  ~=cm1  1000 at 25 C.
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and Raman spectra of representative hydrogen-bond
liquids and the underlying molecular mechanisms. This
has been achieved by a direct comparison between these
two dynamic susceptibilities in frequency domain.
Experimental.—The depolarized (VH) low-frequency
Raman spectra of hydrogen-bond liquids (water, methanol,
and ethylene glycol) and polar liquids (acetonitrile, ace-
tone, and tetrahydrofuran) were measured at 25 C. A
double-grating spectrometer (Jovin-Yvon U1000) with a
resolution of 1:8 cm1 was used for wave numbers ~ >
2 cm1, whereas for the hydrogen-bond liquids a
Sandercock-type Fabry-Perot interferometer was em-
ployed at ~  4 cm1 to get highly reliable low-frequency
data [6]. For the interferometer a resolution of 0:04 cm1
was achieved for water and methanol and 0:0042 cm1 for
ethylene glycol. The Raman intensity I~ was reduced
into the imaginary part of the complex dynamic suscepti-
bility, 00~. We also measured the complex dielectric
spectra ^  0  i00 of these liquids at 25 C.
Time domain reflectometry [7] was used in the frequency
region of 0:02  =GHz  25 and waveguide interferom-
etry in 13  =GHz  89 [8,9]. These spectra were com-
bined with published THz-TDS [3,10] and far-infrared
(FIR) data [11,12] interpolated to the investigated tempera-
ture at each , achieving the maximum frequencies of
max  18 THz for water and 5 THz for methanol,
whereas max for ethylene glycol is limited to 89 GHz.
Results and discussions.—The main contribution to the
dielectric spectrum of water, the so-called 1 relaxation,
perfectly obeys a Debye relaxation function up to several
tens of gigahertz. Then deviations from the Debye relaxa-
tion become marked at millimeter-wave to sub-THz fre-
quencies. Resonant-type contributions can clearly be seen
in the far-infrared region (Fig. 2). The dominating 1
process, the principal slow process for hydrogen-bond
liquids, reflects the cooperative reorientational dynamics
of the dipole moment [7,8,12–15]. Buchner, Barthel, and
Stauber, combining their microwave data with FIR data of
Hasted et al. [16], analyzed the dielectric spectrum of
water in 0:2  =GHz  410 at 0:2  T=C  35 [12].
They showed that the dielectric spectra could be formally
fitted by a superposition of two Debye processes, yielding
1  8:38 ps and 2  1:1 ps at 25 C. In the present
study, a more generalized model-independent approach
for the high-frequency part of the spectrum has been
attempted by subtracting the well-defined 1-relaxation
contribution [shaded area in Fig. 2(a)] from the total spec-
trum. This procedure revealed that dispersion (0) and loss
(00) curves clearly exhibit the features of a relaxation
process in the millimeter wave to sub-THz frequency
range.
At low frequencies, the shape of the Raman spectrum
of water [Fig. 2(b)] also shows the characteristic features
of relaxation as already suggested in Ref. [17]. At higher
frequencies, very broad intermolecular vibration bands19780are observed. Surprisingly, we found (Fig. 2) that the shape
of the Raman spectrum strongly resembles the high-
frequency part of the dielectric spectrum. This observation
not only confirms the correspondence between these spec-
tra for intermolecular vibration and libration bands but
strongly suggests that the dielectric 2-relaxation and
Raman relaxation modes originate in the common molecu-
lar dynamics.
Simultaneously, we attempted a conventional approach
to quantitative description by testing various relaxation
models with a least-squares fitting procedure. First, we
carefully checked the maximum frequency up to which
the dielectric spectrum can be reproduced within the
framework of relaxation models by monitoring variance
and residuals of the fit. Then resonant-type functions were
introduced for the higher-frequency part. The two-Debye
relaxation model gives an excellent fit up to 400 GHz.
Above that, the variance of the fit monitored at each
 shows a rapid linearlike increase (Fig. 3). The residu-
als   data  fit become systematically
negative for 0 and positive for 00, indicative of
additional high-frequency dispersions. The superposition2-2
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of two relaxation processes with 1  8:32 ps and 2 
0:42 ps and four damped harmonic oscillators centered at
60, 170, 420, and 620 cm1 well reproduces the water
spectrum between 50 MHz and 18 THz (Fig. 2). As antici-
pated from the shape of the Raman spectrum in 0:08 
~=cm1  1000, a single relaxation comparable with the
dielectric 2 process plus four oscillators is sufficient.
In the case of methanol [Fig. 3(a)], the deviation of the
dielectric spectrum from the relaxation model (a three-
Debye fit [8]) becomes marked above  290 GHz. The
superposition of three relaxation processes (relaxation
times 1  51:8 ps, 2  8:04 ps, and 3  0:89 ps) and
two oscillators centered at 55 and 125 cm1 best repro-
duces the spectrum in 50 MHz    5 THz. The striking
finding is that the low-frequency Raman spectrum of
methanol [Fig. 3(b)] is also directly linked with the high-
frequency deviation of its dielectric spectrum from the
cooperative 1 dispersion. If a model based on the super-
position of relaxation and oscillator functions is applied to
the Raman spectrum, two relaxation processes with
2Raman  2:5 ps and 3Raman  0:55 ps and three oscil-0.1
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FIG. 3 (color online). (a) The complex dielectric spectrum
of methanol in 50 MHz    5 THz at 25 C. The upper
panel shows the residuals and the variance of the three-Debye
fit at each . The blue symbols () represent the residual
dielectric loss after subtracting the contribution of the 1 pro-
cess. (b) Raman spectrum of methanol at 25 C in 0:24 
~=cm1  500.
19780lators at 60, 120, and 260 cm1 are required. This again
confirms the relation between the low-frequency Raman
spectrum and the high-frequency part of the dielectric
spectrum (the 260 cm1 band, resolved as a shoulder in
Raman, is outside the frequency range of the dielectric
data). The slower Raman relaxation time, which we call
2Raman to emphasize the correspondence between dielec-
tric and Raman spectra, is by a factor of about 3 shorter
than the corresponding dielectric 2. This implies that both
processes reflect the rotational diffusion of individual
methanol molecules [1] and supports previous assignments
of the intermediate dielectric relaxation process of mono-
hydric alcohols to the reorientation of individual molecules
[8]. The faster Raman relaxation time 3Raman and the
fastest dielectric relaxation time 3 differ by a factor of less
than 2. This may indicate that they are not related to
diffusive motion but reflect other microscopic dynamics.
Generally, insufficient frequency coverage in the THz
region leads to an overestimation of the fast relaxation time
with 2  1 ps [8,12]. On the other hand, data restricted to
0:1  =THz  2 yielded 2  0:1–0:2 ps for water [3].
Similar values, 2  0:18 ps for water as well as 2 
1:25 ps and 3  0:16 ps for methanol, were obtained by
Kindt and Schmuttenmaer [18] from the power absorption
spectrum  in 0:9  =THz  1:8. However, if we fix
in the analysis of our ^ spectra 2 and/or 3 to the above
literature values, the variance of the fit around the loss peak
frequency, 1=21, gets considerably worse and addi-
tional systematic deviations emerge around 300 GHz. We
point out that, as we did and show in Fig. 3, it is necessary
to check carefully the maximum frequency where the
spectrum can be explained within the framework of relaxa-
tion models, not observing systematic deviations of the
variance. We consider that the rather short 2 relaxation
times obtained in previous THz studies simultaneously
reflect the lack of low-frequency data and the onset of
resonant contributions.
The dielectric spectrum of ethylene glycol in 0:02 
=GHz  89 (Fig. 4) can be interpreted analogously to
that for methanol, resulting in three relaxation processes
with 1  122 ps, 2  21:4 ps, and 3  2:88 ps.
Irrespective of the validity of this formal description, the
high-frequency component of ^, i.e., the deviation of
^ from the dominating low-frequency Debye relaxation
which is represented by the sum of 2 and 3 processes,
contains information on the fast dynamics of ethylene
glycol. As expected from the results for water and metha-
nol, the feature of the low-frequency Raman spectrum of
ethylene glycol also strongly resembles the high-frequency
component of its dielectric spectrum. However, below
 5 GHz, an additional slow component can clearly be
seen. Importantly, the longest Raman relaxation time
1Raman  61 ps is far longer than 2 from the dielectric
data. This implies that both modes cannot be assigned to
the same physical origin, but we found 1Raman 	 1=2.2-3
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FIG. 4 (color online). The complex dielectric spectrum of
ethylene glycol in 20 MHz    89 GHz at 25 C. The di-
electric loss after subtracting the 1 process (square symbols)
and the Raman spectrum (0:012  ~=cm1  500, blue line)
are plotted in the same figure.
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considerably smaller than that of the dielectric 1 process.
We propose that this additional slow Raman component is
a weak manifestation of cooperative relaxation that is
related to the 1 mode of the dielectric spectrum.
Possibly, it arises from the cooperative motions of ethylene
glycol conformers where the dipole moments of the OH
groups have opposite directions and thus impose a signifi-
cant quadrupole moment on the molecule.
To summarize, we have carried out a direct com-
parison between the dynamic susceptibilities in the
frequency domain obtained from broadband dielectric
(l  1) and Raman (l  2) spectroscopies. Different
from nonhydrogen-bonding dipolar liquids, whose relax-
ation components in the dielectric and Raman spectra can
be well explained by the common mechanism of the rota-
tional diffusion, hydrogen-bond liquids exhibit consider-
ably different features of these spectra in the low-
frequency region. A cooperative relaxation specific to
hydrogen-bond liquids and arising from long range H-
bond mediated dipole-dipole interactions gives the main
contribution to the dielectric spectrum. This process is
virtually not Raman active. Raman scattering selectively
observes microscopic molecular dynamics that can be
detected as the higher-frequency processes in dielectric
spectrum. As indicated by the results of ethylene glycol,
the contribution of quadrupolar species enables the coop-
erative slow relaxation to be Raman active, albeit with
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